Two kinds of SiOC(H) particles having intrinsic photoluminescence (PL) spectra were prepared from silicone resin microspheres by heat treatment in a hydrogen atmosphere at 800 or 1100°C. The obtained particles were painted on a Si substrate using a binder, and ion-beam-luminescence spectra were observed under proton beam irradiation with an acceleration energy in the range of 13 MeV. Observed spectra had peaks at wavelength of 520540 nm. These peak wavelengths were larger than those observed under UV light irradiation. The luminescence of H 2 1100 (sample decarbonized at 1100°C) was bright, and that of H 2 800 (sample decarbonized at 800°C) was faint. However, the intensity of luminescence decreased rapidly at an early stage of the beam irradiation. In air, a sharp luminescence band with a peak at 300 nm appeared together with the main emission with a peak in the range of 520540 nm. The existence of the sharp band at 300 nm was apparent in the H 2 800 spectra, whereas it appeared as a minor peak in the H 2 1100 spectra in air.
Introduction
In recent years, many kinds of SiOC and SiOC(H) ceramics with reduced excess carbon have been synthesized in order to investigate their photoluminescence (PL) properties. Various PL mechanisms have been proposed. PL has been effectively excited under UVA (315380 nm) irradiation, and the emission generally comprised a wide wavelength range of visible light. 1)10) Because the emission appeared as soft white light to unaided eye, the application of the SiOC or SiOC(H) ceramics for LED lighting systems is considered promising. 5), 6) On the other hand, our group at Osaka Prefecture University successfully synthesized a kind of the white SiOC(H) ceramics having apparent PL. 11),12) Time-resolved analysis was employed to extract two major PL bands from the broad emission of the white SiOC(H) ceramics. One PL band had a peak in the range of 410450 nm with relatively a short life time. The other PL band had a peak at 580 nm with an abnormally long life time. The PL often appeared as yellow-orange phosphorescence after the UV irradiation was stopped. 12) The PL properties maintained even after high-temperature exposure in an inert or oxidative atmosphere. 13) , 14) The effect of beam irradiation on the luminescence properties of SiOC(H) ceramics draws considerable interest. For amorphous and crystalline silica, beam irradiation often introduces various defects in the SiOSi network which greatly influence the optical properties of the irradiated silica. 2),15)18) In addition, an environment with ion beam irradiation constitutes highly severe condition for optical devices. An evaluation of the resistance of the luminescence properties of the SiOC(H) ceramics, which are known to have high resistance to heat treatments, to ion-beam irradiation clarify the improvement of optical devices having a long life time even in severe environments.
Experimental procedure
The SiOC(H) ceramics for the beam-luminescence study were prepared using Tospearl 120 (Momentive Performance Materials Japan), which comprised silicone-resin microspheres with an average diameter of 2¯m and a chemical composition of SiO 1.66 C 1.00 H 3.36 . H 2 800, with a small amount of SiCH 3 groups on the surface, was the obtained by decarbonization process at 800°C. H 2 1100, which intrinsically consisted of inorganic microspheres with a density of 2.36 g cm ¹3 , was obtained by decarbonization process at 1100°C. The preparation procedures and characterization data for H 2 800 and H 2 1100 are reported elsewhere. 11),12) Each powder was mixed with 3 mass % of polyvinylalchol (PVA: Tokyo Kasei, saponification degree of 80%) in a Si 3 N 4 motor. After adding a small amount of water, the mixture was kneaded in the motor to obtain a white slurry with suitable viscosity. Then, the slurry was painted on a Si substrate (15 © 15 mm 2 ) cut from a Si wafer and dried in ambient conditions for 1 day.
Proton and helium-beam irradiation were performed using a 3 MeV single-ended accelerator at Takasaki Ion Accelerators for Advanced Radiation Application (TIARA) of Takasaki Advanced Radiation Research Institute, Japan Atomic Energy Agency (JAEA), which was also equipped with a spectrometer®Solid Lambda CCD UV-NIR (Spectra Co-op, Tokyo)®for in-situ beam luminescence observation. 19) The acceleration energy of the ion beam was 1 or 3 MeV. In the typical cases, a beam at a current of 100 pA was irradiated on a 1.0 © 1.0 mm 2 square area. The wavelength range of 200980 nm was scanned with a shutter speed of 5 s. The scanning wavelength resolution was 0.5 nm. To measure the spectra in a vacuum, the beam was directly introduced on the painted sample's surface in a chamber under a pressure of 10 ¹3 Pa. For measurement in air, the beam was removed from the chamber through a polycarbonate film with a thickness of 5¯m, and irradiated on the sample's surface, which was in direct contact with the film.
For irradiation of a large area with high dose rates, a 3 MeV tandem accelerator in TIARA was used. In this case, a beam with a current of 200 nA was irradiated on the area of 10 © 15 mm 2 .
For PL measurements, a 325 nm-line of a HeCd continuouswave laser (Kimmon Koha Co., Ltd.: IK3452R-F) or a pulsed ArF excimer laser (Lambda Physik, COMPex 102) with an oscillation wavelength of 193 nm was used as an excitation light. The spectra were obtained by using an intensified charge-coupled-device detector (Oriel Instruments) together with a monochromator. The number of protons is deduced as 3.74 © 10 12 cm ¹2 min ¹1 in this condition. Broad spectra with the peaks at 520 nm (H 2 800) and 540 nm (H 2 1100) are observed. During the irradiation, the intensity of the spectra decreases rapidly. However, the spectrum feature and the peak position do not exhibit obvious change during the irradiation. Figures 1(c) and 1(d) shows the beamluminescence spectra obtained under excitation by the helium beam. These spectra include small tails in the large wavelength region; nonetheless the spectrum feature and peak position observed under the helium-beam irradiation are nearly identical to those observed under the proton-beam irradiation.
Results and discussion
The peak intensity of the proton-beam spectrum was monitored and plotted with respect to the accumulated proton number (Fig. 2) . The rate of decreasing in the early period before 1 min (proton number of 3.74 © 10 12 cm ¹2 ) is remarkably high. After 1 min, the luminescence intensity gradually decreases during the proton-beam irradiation. The decrease in the luminescence was found to be irreversible, as the luminescence intensity did not recover by the interruption of the beam irradiation.
Figures 3(a) and 3(b) show the beam-luminescence spectra observed at a beam current of 10 pA on an area of 1.0 mm 2 . Here, the peak position and spectrum feature of H 2 1100 are nearly identical to those obtained at the beam current of 100 pA, whereas the rate of the decrease in the luminescence intensity is slightly lower. In the case of H 2 800, the spectrum at the first shot has a peak in the range of 500520 nm. However, the spectrum exhibits a very large tail in the large wavelength region, which includes visible and IR light. After 1 min, the intensity of this large tail decreases, and the symmetrical luminescence band with a peak at 520 nm remains. Table 1 shows apparent photon counts under irradiation with various beam conditions. The apparent luminescence intensity tends to increase with the high dose rate and acceleration energy. Moreover, the luminescence intensity of H 2 800 is always far lower than that of H 2 1100 under identical irradiation conditions. This is interesting, as the quantum photoluminescence yield of H 2 
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800 was slightly higher than that of H 2 1100 in the case of the UV excitation (330 nm). 11) Figures 4(a) and 4(b) show the beam-luminescence spectra obtained for irradiation by the proton with an acceleration energy of 1 MeV and the current of 100 pA in air. H 2 800 exhibits a sharp peak at 300 nm in addition to the main peak at 520 nm. During the irradiation, the intensities of the peaks at 300 and 520 nm decrease at almost the same rate. In the case of irradiation of H 2 1100, the peak at 300 nm appears only at the first shot of the measurement. The relative intensity of the sharp peak is weak. Beyond the irradiation period of 1 min, the peak disappears, and the main emission®peaking at 540 nm®becomes dominant. This peak at 300 nm is often assigned to a kind of oxygen deficiency center®ODC (II)®incorporated in SiOSi networks, which requires a high energy for excitation. 16 
),20)22)
At low total doses up to a proton number of 10 14 cm ¹2 , it is difficult to identify the area that accepts the beam irradiation. As the proton number increases from 10 14 to 10 15 cm ¹2 , the area colored in yellow-brown becomes observable [ Fig. 5(a) ]. This means that the beam irradiation forms color centers in the Si OC(H) ceramics. Moreover, the PL intensity decreases in the colored area [ Fig. 5(b) ]. In the case of silica, the dangling bonds on Si atoms are known to act as color centers. Perhaps, the beam irradiation on the SiOC(H) ceramics has yielded an unrelaxed structure with numerous dangling bonds on their ion tracks.
The beam-luminescence spectra obtained under the protonand helium-beam irradiation seems to differ from the PL spectra, previously observed under UV irradiation. 22) Figure 6 (a) compares the PL spectra and ion-beam-luminescence spectra for the same H 2 800. Under HeCd excitation at 325 nm, the PL spectrum has a peak in the range of 400410 nm with a tail in the large wavelength region. Under ArF excimer laser excitation, the shoulder at 300 nm, which can be assigned to ODC (II), appears in addition to the main peak at 410 nm. On the other hand, the spectrum feature of the proton-beam luminescence in a vacuum has a peak at 520 nm. The energy of the proton beam is sufficiently high to cause the main emission®peaking at 410 nm®potentially by an energy-transfer process. Perhaps, PL centers having a peak at 410 nm are simultaneously decomposed at low total doses below the proton number of 10 14 cm ¹2 .
In addition, the ion beam luminescence spectrum of H 2 800 in air exhibits a sub peak at 300 nm. H 2 800 is probably oxidized during the beam irradiation owing to the oxidative environment. Figure 6 (b) shows the PL spectra and ion-beam-luminescence spectra for H 2 1100. The difference in the peak position among the spectra is relatively small. The peak position of the beam luminescence is in the largest wavelength region (540 nm), although the ion beam energy is high. A weak peak at 300 nm appears in air. However, the luminescence peak at 540 nm is dominant in a vacuum and air.
In our previous study, red-shifts of PL spectra of H 2 1100 after high temperature oxidation were reported. 23) At an oxidation temperature of 1000°C, the peak position reached 550 nm and a long-life-time PL component disappeared. At oxidation temperature of 1200°C, the PL intensity decreased remarkably. The redshift of the spectrum peak and the decrease in the PL intensity were ascribed to be the formation of dangling bonds by hydrogen removal and the recombination process of the formed dangling bonds. 24), 26) In the cases of the ion-beam irradiation, the luminescence spectra may be modified and quenched by dangling bonds, which are formed on ion tracks with high concentrations. In particular, blue PL centers in H 2 800 are simultaneously decomposed during the beam irradiation until 1 min (proton number of <3.74 © 10 11 cm ¹2 ). H 2 1100 exhibits a relatively high resistance to the irradiation, but the spectrum feature is largely changed by the introduced dangling bonds. The new peak at 300 nm in air suggests the oxidation process of the SiOC(H) ceramics on the ion tracks. However, the decrease in the PL intensity occurs in almost the same manner in a vacuum and air. Perhaps, the dangling Journal of the Ceramic Society of Japan 123 [9] 805-808 2015 bonds themselves act as strong quenchers for the luminescence centers.
Because SiOC(H) ceramics mainly consist of light-weight elements, ion beams are considered to severely damage the amorphous network. In the case of silica with a SiOSi network structure, introduced dangling bonds often play the role of strong color centers (E' center), which lose energy mainly by nonradiative transition. 21),24),25) Compared with the high-temperature oxidation process accompanied by protective silica-layer formation at the surface, ion-beam irradiation may have a direct influence on SiOC(H) network structures.
However, the in-situ monitoring of luminescence under ionbeam irradiation is a relatively new method. There are limited studies on LiO 2 , SiO 2 , and a few Li compounds from the viewpoint of the defect-introduction process. 27)30) On the other hand, there is presently no comprehensive data-set on the "degradation" process of luminescence materials under ion-beam irradiation. A comparison among the various materials with different luminescence mechanisms, such as organic fluorescent dyes, inorganic ceramics with rare-earth dopants and semiconductor particles, will provide further information.
Summary
Ion-beam luminescence spectra of SiOC(H) ceramics are successfully obtained by scanning temporal profiles of photo emission during the irradiation of proton and helium beams. The peak positions in the obtained spectra are always in the range of 520540 nm. In the case of H 2 800 which partly has an organic structure, the original blue PL peak in the range of 410420 nm, disappears immediately just after the beam irradiation, and the luminescence intensity observed under the continuous protonbeam irradiation is very weak. The luminescence intensity observed from H 2 1100 under the proton beam irradiation is relatively high. However, for both H 2 800 and H 2 1100, the luminescence intensity decreases significantly in a few minutes. This decrease in the apparent luminescence may be caused by the introduction of dangling bonds on the ion tracks. The trapping of oxygen on the ion tracks and partial oxidation of SiOC(H) ceramics in air occur during the irradiation, yielding a new sharp peak at 300 nm. However, the main quencher of the luminescence is considered to be the introduced dangling bonds, which act as color centers and increase the possibility of nonradiative transition from excited states.
